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This  study  presents  a  new  approach  for developing  biosensors  based  on enzymatic  systems  with  designed
three-dimensional  structures.  Silica  glass  slides  were  chemically  functionalized  at surfaces  by  reac-
ting  with  organosilanes,  3-mercaptopropyltriethoxysilane  (MPTES),  and  3-aminopropyltriethoxysilane
(APTES), using  sol–gel  process  at room  temperature.  The  functionalization  of the  supports  was  charac-
terized  by  contact  angle  measurements  and  FTIR  spectroscopy.  The  ﬁrst enzyme  layer  was  covalently
immobilized  to  the  support  by a bi-functional  linker  (glutaraldehyde).  The  second enzyme  layer  was
deposited  using  the protein  conjugation  method  based  on the  high  afﬁnity  “avidin–biotin”  interactions.
Each  enzyme  was  biotinylated  before  being  added  to  the  nanostructured  system  and  avidin  was  used  as
the binder  between  consecutive  enzyme  layers.  The biochemical  response  was  assayed  at  all  stages  to
certify  that  the  enzymatic  bioactivity  was retained  throughout  the  entire  layer-by-layer  (LBL)  process.
The  model  of  building  3D-enzymatic  systems  was  evaluated  using  the  enzymatic  structure  with glucose
oxidase  (GOx)  and  horseradish  peroxidase  (HRP).  It was  veriﬁed  that the amino-modiﬁed  support  pre-
sented  the highest  bioactivity  response  compared  to  the other  chemical  functionalities.  Moreover,  the
bienzyme  nanostructure  demonstrated  relevant  biochemical  activity  upon  injecting  the  glucose  substrate
into  the  system.  Finally,  as  a proof  of  concept,  the  bienzyme  systems  were  assayed  using  real  samples
of  regular  and  sugar-free  soft  drinks  where  they  effectively  behaved  as  structured  biosensor  for  glucose
with  the built-in  3D hybrid  architecture.  Based  on  the results,  it can  be foreseen  the  development  of
promising  new  nanomaterials  for several  analytical  applications  such  as  monitoring  the quality  of food
and  beverages  for nutrition  purposes.. Introduction
Nature has wisely designed biomolecules for performing very
peciﬁc functions in innumerous living organisms. Each of them is
ntrinsically related to the others in complex cascade sequences
nd pathways, frequently with multiple reactions occurring in
arallel. One of the most frequent strategies adopted by the
esearchers is mimicking nature using biomolecules such as pro-
eins and polysaccharides that are selective in their functions
nd therefore interesting candidates to be associated with dif-
erent classes of materials [1–6]. Among several alternatives of
iomolecules, enzymes have been often chosen as active biosens-
ng molecules due to their speciﬁcity, afﬁnity, limit of detection,
esponsiveness, relative chemical and thermal stability, availabil-
ty, at reasonable cost compared to other options [7–10]. Enzymes
∗ Corresponding author at: Federal University of Minas Gerais, Av. Antônio Carlos,
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can be usually “temporally” or “permanently” immobilized on
insoluble supports. A biomolecule is termed “immobilized” if its
mobility has been restricted by chemical or physical means. This
relative restraint of mobility may  be achieved by several differ-
ent methods, for instance by covalent bonding or by adsorption
to the support. Both methods have positive and negative aspects
regarding to their potential use for building sensing systems
[11].
Surface functionalization by organic molecules provides several
perspectives for the immobilization of enzymes. These surfaces
can be effectively used to buildup interesting nano-level archi-
tectures. In the last decades, increasing effort has been directed
toward potential applications of organosilanes as surface mod-
iﬁers [12–14]. Furthermore, ﬂexibility with respect to terminal
functionalities of the organic molecules allows control of the
hydrophobicity or hydrophilicity of surfaces. The attachment
is typically mediated by ﬁrst silylating the surface followed by
immobilization of biomolecules of interest [15]. Aminosilanes
are attractive for such applications, due in part to signiﬁcant
advances in the understanding of this class of surface modiﬁcation
agents [16,17]. Remarkably, aminosilanes have the advantage of
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atalytic activity by the amine group (nucleophilic) that facilitates
ormation of siloxane bonds (R Si O Si) with surface silanols
 Si OH). So, the formation of covalent bonds between an enzyme
nd an insoluble support is the most frequently used techniques.
he strength of binding is very strong and very little leakage of
nzyme from the support occurs [18].
Layered construction of enzymes into organized systems has
ttracted considerable attention in recent years due to its poten-
ial application in the areas of bio-electronic and biosensors, etc.
here have been a number of approaches for constructing mul-
ilayer protein ﬁlms on the surface of solid matrices, including
 layer-by-layer (LBL) deposition of proteins on the surface of
lectrodes through a coupling reagent and consecutive adsorp-
ion of charged biomolecules on a solid surface through attractive
lectrostatic forces. However, these procedures are complex and
ommonly not stable enough [19]. As a consequence, research of
ew biosensors as well as the development of the existent designs
as experienced advances in the last years due to the increasing
ecessity for miniaturized biosensors, particularly for biomedical
pplications [5].
Since the pioneering work from Clark and Lyons [20] reporting
he glucose biosensor, innumerable papers and reviews have been
ublished for the detection of a very large number of analytes [21].
evertheless, glucose biosensors are still very important because
he metabolism of sugar is crucial for human life and several dis-
ases may  be directly or indirectly caused by some unbalance or
alfunction of the endocrine system. Patients suffering from dia-
etes mellitus must monitor and control their blood glucose levels
o avoid long-term complications and damage to organs, coma or
eath. So, the rigid control of blood glucose level by the diabetic
ufferer is of paramount importance and biosensing devices comes
o play a key role [10,22,23]. However, the glucose level in blood is
ne way of controlling the diseases but not actually a response for
olving the problem and that also can negatively affect the quality
f the patient’s life. One of the main sources of the sugar intake in
he body is associated with the dietary of food and beverages as
 consequence of cultural and social habits. That means, the tight
ontrol in all sources of food and alternatives can be used as a way
or improving the quality of life, reduce the possibility of glycemia
hock [24]. Additionally, industrial food products may be uninten-
ionally altered by contamination, by accident caused during the
rocessing, changes in the supplier chain and several other possi-
le factors that may  cause severe consequences to highly sensitive
eople [10,22,23]. Therefore, analysis of compounds or substances
ould be applied in quality control of beverages and food or to
onitor for adulteration or contamination of aliments by means
f using rapid accurate biosensor to glucose at the “point-of-care”
PoC).
Enzymes have been extensively explored to develop biosensors
ith sensitivity, accuracy, fast response, and stability for the deter-
ination of glucose by different methods [3]. However, the “ideal”
lucose biosensor is yet to be produced because several scientiﬁc,
echnological and industrial challenges must be overcome. In this
ork, the attention was mostly devoted to developing biosensing
ystems based on enzymes immobilized to chemically functional-
zed supports in a sequence of ordered biocatalytic reactions using
he detection of glucose as a model but that could be extended and
pplied in more bioanalytical methods and different substrates.
ence, despite several papers published related to biosensing of
lucose, no similar report was found that built 3D-nanostructured
i-enzymatic biosensors with reactions in cascades of GOx and HRP
sing the LBL method combined with biotin–avidin afﬁnity conju-
ation and the effect of the alternated architectures were evaluated.
oreover, the biosensor has given a qualitative response to the
resence of glucose in commercial beverages with the presence of
ll possible interferents. Science 275 (2013) 347– 360
2. Materials and methods
2.1. Materials
Hydrogen peroxide (33%, v/v), ammonium hydroxide (30%)
and hydrochloric acid (>96%) were supplied by Vetec, Brazil.
Nitric acid (65%), methanol (99.8%) and ethanol (95%) were sup-
plied by Synth, Brazil. 3-Aminopropyl-trimethoxysilane (APTMS,
97%), 3-mercaptopropyl-trimethoxysilane (MPTMS, 95%), 1,5-
pentane-dial (glutaraldehyde, GA, 25% aqueous solution), glucose
oxidase from Aspergillus niger (GOx), glucose (99.5%), horseradish
peroxidase (HRP), 3,3′,5,5′-tetramethylbenzidine (TMB), biotin
N-hydroxysuccinimide ester (NHS-biotin, ≥98% HPLC), avidin
from white egg (≥98%), dimethyl sulfoxide (DMSO), Tween-
20, sodium phosphate dibasic (>99%), sodium chloride (>99.5%),
potassium chloride (>99%), potassium phosphate monobasic
(>99%), methanol (>99%), and acetic acid (>99%) were pur-
chased from Sigma–Aldrich, USA. De-ionized (DI) water was
obtained from Milli-Q® (Millipore) puriﬁcation system (resistivity
≥18.2 M cm).
Microscope glass slides (soda-lime glass, chemical composi-
tion: SiO2 = 75 ± 5 wt%; Na2O = 15 ± 2 wt%; CaO + MgO  = 10 ± 2 wt%)
and amine modiﬁed polystyrene microplates (PS-NH2, Corning®
96 Well Clear Polystyrene Amine Surface StripwellTM Microplate,
2 × 1013 reactive sites/cm2, Product No. 2388) were used as insol-
uble solid supports.
2.2. Chemical functionalization of insoluble support
2.2.1. Method of surface functionalization
Glass tile surfaces were prepared with two  silane coupling
agents (Fig. 1a) with different chemical functionality (Rn): thiol
(R1: SH) (Fig. 1b) and amino (R2: NH2) (Fig. 1c). Glass slides
with no chemical modiﬁcation (“as-supplied”) were utilized for
enzyme adsorption and compared to the covalently immobilized
systems. Prior to silane reaction, glass surfaces were etched by
immersion in 20% nitric acid at room temperature (RT = 25 ± 3 ◦C)
for 24 h, followed by rinsing with abundant amount of de-ionized
(DI) water. Hydroxylation (–OH) was  conducted by soaking glass
slides in a 70:30 mixture of DI water:hydrogen peroxide (H2O2,
33%, v/v) at 75 ± 5 ◦C for 45 min. Then, 5 mL  of NH4OH (conc.)
was added for each 100 mL  of the H2O:H2O2 solution. After
cooling, glass slides were copiously rinsed with DI water and
dried in methanol. The increase in the hydroxyl groups is usu-
ally recommended before performing silane reactions on the
surfaces. This process enhances the density of available silanol
(Si OH) sites for silane reaction, improving the efﬁciency and
repeatability of the surface modiﬁcation process. The effect of
this hydrophilic chemical functionalization with silanol groups in
the immobilization and activity of enzymes was also evaluated
(Fig. 1d).
The surface modiﬁcation procedure with organosilanes was  per-
formed using the sol–gel deposition process from aqueous/alcohol
solution (75% distilled water:25% methanol, pH = 4.5 ± 0.2 with
acetic acid). The speciﬁc organosilane reagent was  added to
yield a 2% (v/v) ﬁnal concentration, allowing 10 min  for the
hydrolysis of alkoxide and silanol formation. Next, the glass
slides were immersed in this solution for 30 min  and then
rinsed with ethanol to remove unbound silane from the
glass surface and cured at temperature of 110 ± 10 ◦C for
30 min  for condensation reactions. This procedure is impor-
tant because it assures that the excess of organosilanes
precursors and also unreacted species were fully removed
before proceeding to the next step of glutaraldehyde link-
ing.
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wig. 1. Chemical functionalization of silica-derived solid supports: (a) general form
nd  (d) Hydroxyl-modiﬁed support.
.2.2. Characterization of surface functionalization
The inﬂuence of surface functionalization on the
ydrophilic/hydrophobic behavior of glass slide was estimated via
ontact angle measurements that were carried out by depositing
I water droplets (50 L) on the glass slides. The apparatus used
or measurements was  a digital camera DSC-W70 (Sony) with
mage analysis software.
Fourier transform infrared spectroscopy (FTIR) was used to
haracterize the presence of chemical groups at the surface of
lass slides, reﬂecting the effectiveness of the developed procedure
or functionalization. Transmission technique was  used (Nicolet
700, Thermo Electron Corp.) within the range between 4000 and
400 cm−1. This range was chosen because it contains most impor-
ant peaks of –CH stretching and functional groups without over-
apping with glass characteristic peaks (Si O Si). Each spectrum
as recorded with resolution of 2 cm−1 with a total of 32 scans.r a silane coupling agent, (b) thiol-modiﬁed support, (c) amine-modiﬁed support
2.3. Enzyme biotinylation for afﬁnity conjugation
Enzyme biotinylation was carried out with NHS-biotin. The
NHS chemical group reacts with amines from proteins that are
present in lysine aminoacids and in terminal peptidic chains, to
form an amide bond [25]. NHS-biotin (3.0 mg)  was  dissolved in
DMSO (200 L) and the solution volume was brought to 500 L
with phosphate buffer saline (PBS, pH = 7.4). Enzymes, GOx (1.8 mg)
or HRP (1.7 mg), were dissolved in a volume of 250 L of this
solution and incubated at RT for 4 h. The biotinylated enzyme
was puriﬁed and concentrated using an ultra-centrifugal device
with a cut-off cellulose membrane (30,000 Da, Amicon ﬁlter, Mil-
lipore). Centrifugation was conducted for 20 min  (4 cycles ×
5 min  per cycle, at 12,000 rpm, 4 ◦C) using a Hettich Mikro 200R
centrifuge. After the ﬁrst cycle, it was washed 3 times with
PBS. The resulting biotinylated enzyme (GOx-biot or HRP-biot)
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se.
.4. Immobilization of enzyme to the insoluble
upport—monoenzymatic nanostructure
The enzyme was immobilized on functionalized supports using
lutaraldehyde (GA) as a bi-functional crosslinking agent (Fig. 2).
irst, the linker reacted with the chemically modiﬁed glass slides.
ydroxyl-modiﬁed and thiol-modiﬁed supports were immersed
nto a solution of glutaraldehyde (10%, v/v) at pH = 3.0 ± 0.1
djusted with HCl solution (0.1 mol  L−1). Amine-modiﬁed supports
glass slides and polystyrene microplates) were also activated
ith a 10% GA solution at pH 5.2 ± 0.1. The glass supports were
mmersed in the solution for ∼10 min  at room temperature.
ext, these supports were rinsed copiously with PBS (4 times) to
emove all remaining excess of unreacted GA. After, the chemicallyized supports using glutaraldehyde (GA) as bi-functional crosslinking agent.
functionalized solid supports were immersed in the GOx solution
(5 U mL−1 in PBS) at the temperature of 6 ± 2 ◦C for 24 h (“overnight
incubation” in fridge). In the procedure for the polystyrene
microplates (PS-NH2), the cavities were ﬁlled with 100 L of the
same enzyme solution favoring the reaction between aldehydes
groups (GA) with the enzyme amine groups. After immobilization,
the supports were cleaned with 0.05% Tween-20 in PBS (PBS-T).
Then, the systems were dipped (glass slides) or ﬁlled (PH-NH2
microplates) in PBS solution for 30 min  at temperature of 6 ± 2 ◦C
to remove enzymes not chemically bound to the solid supports.
FTIR spectra were collected after GA activation of silane-modiﬁed
solid supports following the procedure described in Section 2.2.2.2.5. Bienzymatic nanostructures
Considering the results of enzymatic activities (presented later
in Section 3.3), the best response was  for glass slides functionalized
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ith amine. So, analogous solid supports of modiﬁed polystyrene
PS-NH2) microplates were purchased for building oriented multi-
ayers of enzymes. This choice was also made because microplates
re broadly used in several analytical, biochemical and immuno-
ogical assays. The ﬁrst enzyme layer was covalently bonded to
he amine group using GA (Section 2.4). In the sequence, the
econd enzyme layer was assembled using the protein afﬁnity
ethod based on the “biotin–avidin” interactions. Fig. 3 shows the
chematic diagram of the bienzymatic enzyme assembly and the
owchart of the entire process for the multilayer biotin-labeled
nzyme assembly (LBL). The polystyrene (PS-NH2) microplate cav-
ties were ﬁlled with GA, protein, and enzyme solutions following
he volumes, concentrations, incubation periods and temperatures
escribed in Fig. 3.
.6. Sensor activity of GOx structures for glucose detection
The detection of glucose was based on the widely reported
iochemical protocols using the enzymes reactions in sequence, i.e.
Ox and HRP [3,26,27]. In short, the activities of monoenzymatic
GOx immobilized onto glass slides and PS-NH2 microplates)
nd in the bienzymatic structures were tested by sensinge assembly process.
-d-glucose with the HRP mediated oxidation of 3,3′,5,5′-
tetramethylbenzidime hydrochloride (TMB) by H2O2. The GOx
catalyzed oxidation process of glucose produces gluconic acid
and H2O2. HRP bio-catalyzed the oxidation of TMB  (TMBox) with
hydrogen peroxide. The TMBox oxidized specie was detected by
UV–vis measurements at the wavelength  = 645–655 nm. The
reactions are showed in Eqs. (1) and (2).
-d-glucose + O2 + H2OGOx−→-d-gluconic acid + H2O2 (1)
H2O2 + TMB HRP−→ TMBox + H2O (2)
2.6.1. Activity of GOx in solution (“free”—not immobilized)
The activity of GOx and GOx-biot dissolved in PBS (pH = 7.4,
0.25 U mL−1) was measured as follows: TMB  was dissolved in
DI water (1 mg  mL−1), while d-glucose (50 mmol L−1, or 50 mM)
and HRP were dissolved in PBS (85 U mL−1). The assay of per-
oxidase activity, which is an indirect assay of glucose oxidase
activity, was prepared by adding DI water (1.2 mL), PBS (vari-
able to compensate substrate solution volume), GOx (120 L, ﬁnal
concentration in cuvette ∼0.01 U mL−1), HRP (60 L, ﬁnal concen-
tration in cuvette ∼5 U mL−1), and TMB  (300 L, ﬁnal concentration
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n cuvette = 0.1 mg  mL−1) to the quartz cuvette (Vtotal = 3 mL). The
xperiment was conducted at room temperature and initiated by
njecting glucose into the previously prepared mixtures aimed at
he reaching the concentrations of glucose in the cuvette: 1.0,
.5, 5.0, 10.0, 15.0, and 20.0 mmol  L−1. The increase in the UV–vis
bsorbance at 650 nm [28,29] was monitored as a function of time
Perkin-Elmer, Lambda EZ-210, wavelength from 800 to 500 nm,
ransmission mode). Control sample (without glucose, “blank”) was
repared for the assays and the absorbance (average, n = 2) was
ubtracted from the measurements of all samples.
.6.2. Activity of monoenzymatic nanostructured biosensor—GOx
The activity of GOx immobilized on functionalized glass slides
as detected using a method similar to that used for “free” GOx
n solution. However, in the ﬁrst case, the GOx solution was
ot added. Instead, the glass slide sample with immobilized GOx
as introduced into the quartz cuvette containing ∼5 U mL−1
RP, 0.1 mg  mL−1 TMB, and glucose (1.0, 2.5, 5.0, 10.0, 15.0, or
0.0 mmol  L−1) in a water/PBS solution (Vtotal = 3 mL). Also, control
ample (without glucose, “blank”) was prepared for the assays and
he absorbance (average, n = 2) was subtracted from the measure-
ents of all samples.
Kinetics parameters were calculated measuring initial velocity
30]. The concentration of hydrogen peroxide over time, as a con-
equence of the reaction biocatalyzed by the GOx enzyme, was
etermined assuming the reported value in literature for the molar
xtinction coefﬁcient of TMBox (ε = 3.9 × 104 L mol−1 cm−1) [26,31].
ctivity was also expressed by the efﬁciency coefﬁcient or effec-
iveness factor () (Eq. (3)) [11,32].
 = 
′

× 100% (3)
′ is the substrate conversion rate of immobilized enzyme and  is
he substrate conversion rate of free enzyme.
Saturation curves for “free” GOx and immobilized GOx were
btained by plotting the initial reaction rate (o) versus glucose
oncentrations tested [S]. The Michaelis–Menten kinetic model (Eq.
4)) was ﬁtted to the data (Origin 8.0 Microcal software) and the
onstants were calculated, Km (Michaelis constant) and Vmax (max-
mum rate), considering the system at the stage of saturation of
lucose.
o = Vmax × [S]
Km + [S] (4)
The kinetics studies using Michaelis–Menten model were per-
ormed considering the systems based on enzyme immobilized on
mine-modiﬁed glass slides and PS-NH2 microplates. The activity
f GOx immobilized on functionalized glass slides was  detected
s previously described in this section. For PS-NH2 systems, each
avity (“well”) was ﬁlled (Vtotal = 100 L) with a water/PBS solution
ontaining TMB  (0.1 mg  mL−1), HRP (∼5 U mL−1), and -d-glucose
1.0, 2.5, 5.0, 10.0, 15.0, or 20.0 mmol  L−1). The absorbance asso-
iated with the oxidized TMBox species in the well (n ≥ 6) was
ecorded at  = 650 nm in a microplate reader (iMarkTM, Bio-Rad
ab. Inc.).
.6.3. Activity of bienzymatic nanostructures
Analogously, the enzymatic cascade reactions showed in Eqs.
1) and (2) were also applied to evaluate the activity of GOx–HRP
nzymes immobilized on PS-NH2 microplates. In this case, each
icroplate cavity was ﬁlled (Vtotal = 100 L) with a water/PBS solu-
ion containing TMB  (0.1 mg  mL−1) and glucose (1.0 mmol  L−1 or
5.0 mmol  L−1). The absorbance was recorded in a microplate
eader ( = 650 nm). Control samples (without glucose) were pre-
ared and the absorbance values of each sample were subtracted
rom the control absorbance (average, n = 6).Fig. 4. Evolution of contact angle measurements for surface modiﬁed samples.
3. Results and discussion
3.1. Chemical functionalization of insoluble support
3.1.1. Surface characterization—contact angle analysis
The contact angle characterization has been used very often
as a relatively simple method for accessing the properties of sur-
faces as a result of their chemical or physical modiﬁcations. The
results for the contact angle measurements (mean ± error) as a
function of the chemical groups added to the surfaces are sum-
marized in Fig. 4. As a general trend, it can be stated that the
contact angle was  signiﬁcantly affected by the introduction of
hydrophilic/hydrophobic species. That means, based on the results,
the relative hydrophobicity of the surfaces increased in the fol-
lowing sequence of chemical groups: hydroxyls < “as-supplied glass
slide” < amines < thiols. These values were coherent with published
reports dealing with alkylsilanes as modiﬁers for glass surfaces,
networks and matrices [12,14,33–36].
3.1.2. Surface characterization—FTIR spectroscopy
Figs. 5 and 6 show the FTIR spectra of glass slides “as-supplied”
(a) and silane-modiﬁed glasses with trialkoxysilanes (b). For the
unmodiﬁed glass slide (Figs. 5a and 6a), the broad band between
3700 and 3200 cm−1 corresponds to the fundamental stretching
vibrations associated with different types of silanol groups. The
stretching modes appear at 3660 cm−1 for vicinal silanols and
3440 cm−1 for internal silanols [37]. For silane-modiﬁed glass slides
(Figs. 5b and 6b), it can be observed the presence of the antisym-
metric (as) and symmetric (as) –CH2 stretching vibration bands at
2930–2920 and 2870–2860 cm−1 [38], respectively, mainly related
to the propyl spacer group introduced by the organic functional-
ization of the glass surfaces. Besides that, some changes within the
range at 3600–3200 cm−1 may be assigned to the incomplete con-
densation of Si OH of the coupling agent formed during hydrolysis
and development of intermolecular hydrogen bonds between the
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Fig. 5. FTIR spectra of (a) glass slide “as supplied”, (b) amino-m
rganofunctional groups and silanols on silica surface or with other
ilane molecules (Fig. 7) [39]. FTIR analysis of thiol-modiﬁed sup-
ort (Fig. 6b) also presented weak peaks related to methyl groups
t ∼2956 cm−1 (as) and 2886 cm−1 (as) [38] from Si OCH3 bonds.
he last band may  be related to the partially hydrolyzed mercap-
osilane (R SH) surface modiﬁer (Fig. 7) [37].
Moreover, characteristic peaks from organofunctional groups
f silanes were detected. In the 3-aminopropyl modiﬁed support
Fig. 5b), an important broad peak from 3500 to 3200 cm−1 is
ttributed to stretching symmetrical vibrations from N H groups
nd the bands at 1650–1550 cm−1 are assigned to primary amines
 NH2) from in-plane scissoring bending absorptions [40,41]. In a
imilar manner, the spectrum of thiol-modiﬁed glass slide (MPTMS)
Fig. 6b) shows a peak at 2550 cm−1 which is associated with the
ibration band of the thiol (SH) chemical functionality [37,42].
Therefore, it can be stated that the developed procedure for
ltering the surface properties based on chemically changing the
urfaces of glass slides was effective. Essentially, the organosilanes
ould undergo a double-step process of hydrolysis and conden-
ation allowing the formation of stable covalent bonds with the
nsoluble support. In the ﬁrst step, the hydrolysis of alkoxides
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ed glass slide and (c) GA activated amino-modiﬁed glass slide.
with water leads to the formation of hydroxyl groups (silanol)
and alcohol. In the second phase, silanols are metastable units
which undergo self-condensation to thermodynamically more sta-
ble units with Si–O–Si siloxane bonds (“oxygen bridging”) by
elimination of water [14,43]. Prior to this reaction, the glass
slides were chemically etched with strong acid oxidizing medium
(HNO3/H2O2) to signiﬁcantly increase the density of available
hydroxyl sites on the surface for the later reaction. The organic
chemical groups (i.e. amine or thiol) are not hydrolysable and will
remain unreacted throughout the procedure for future coupling
with the enzymes. Silanes have masked the glass slide hydroxyl
groups at the surface and imposed their own  speciﬁc properties.
A more in-depth analysis of the functionalization reactions taking
place is beyond the scope of this study and the chemical mod-
iﬁcation of insoluble supports has been reported by our group
[14,44].
3.2. Immobilization of enzyme to the insoluble support
The enzyme GOx was  immobilized on the chemically function-
alized supports using GA. Based on literature [40,45,46], GA acts
as the bi-functional linker, forming stable covalent bonds between
the chemical groups from the insoluble supports with the amine
group of the enzyme. That means, under the appropriate processing
Fig. 7. Three-dimensional branched thiol silane layer and its interactions with GA.
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Fig. 8. UV–vis absorption spectra from GOx immobilized onto (a) hydroxyl-, (c) thiol-, and (e) amino-modiﬁed support showing time-dependent change in the absorption
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onditions (pH, incubation time, buffer, temperature, etc.), the reac-
ion of GA with amines, hydroxyls, and thiols has formed covalent
onds, i.e. imines (Fig. 8f), acetals (Fig. 8b), and thioacetals (Fig. 8d),
espectively [40,42,45–47].
FTIR results have indicated that the reactions between GA
nd silane functional groups have occurred. Amine-modiﬁed glass
lides (Fig. 5c) have showed a relative increase on their imine
 C N ) band ( = 1620–1660 cm−1) and simultaneous reduction
n the amine ( NH2) band at 1580 cm−1 after binding with GA. The
mine group is expected to be formed by the nucleophilic reactione oxidase using glutaraldehyde on solid supports with surface chemical functional
in Data Bank).
of the amine groups at the silane-modiﬁed supports with the alde-
hyde by Schiff base reaction [40]. Also, a stretching vibration band
at 1720 cm−1 was  detected which is characteristic of C O groups
most likely due to unreacted aldehydes (GA) after the reaction with
APTMS-modiﬁed supports [44].
Analogously, the spectra of thiol-modiﬁed support before
(Fig. 6b) and after the reaction with GA (Fig. 6c) showed the van-
ishing of the –SH band (2550 cm−1) that is consumed during the
formation of thioacetal bonds (Fig. 7) [48]. Also, the reaction of
thiol with GA resulted in signiﬁcant changes at the bands related
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o hydroxyls ( OH) and hydrogen bonds (3700–3000 cm−1). It
ay  be associated with several features like the formation of
emi-thioacetal product (CHO (CH2)3 CH(OH)S glass slide), GA
olecules association through hydrogen bonds to proton-donating
pecies (such as silanol groups from glass slide), and –CH stretching
ibrations of cyclic structures (shifted to higher frequency in com-
arison to aliphatic chains) [44]. In Fig. 7, some of these features
re schematically presented with the three-dimensional branched
ilane layer and the complex possible interactions with GA [39,49].
Hence, FTIR spectroscopy has endorsed the results of con-
act angle analysis and also has given supporting evidence that
he experimental procedure developed in this work was effective
or chemically functionalizing the surfaces of solid supports by
rganosilanes linked to GA for posterior permanent immobilization
f enzymes.
.3. Activity of monoenzymatic nanostructured biosensor—GOx
The biosensor activity of the monoenzymatic nanostructures
as evaluated and Fig. 8 shows the results of the GOx immobi-
ized on solid supports modiﬁed by chemical groups hydroxyl (OH,
ig. 8a), thiol ( SH, Fig. 8c) and amine (Fig. 8e) tested with the
lucose concentration of 15.0 mmol  L−1. These results are consid-
red relevant as far as the enzyme activity is concerned, because the
ovalent immobilization process could have caused denaturation or
indered the enzyme biocatalytic site. Hence, in the present study,
he enzymes have retained their biochemical activities after the
ovalent immobilization on the functionalized surfaces.
In Fig. 9A it is presented the increase in absorbance ( = 650 nm)
ver time obtained from GOx immobilized on amine-modiﬁed
lide for different glucose concentrations (1.0, 2.5, 5.0, 10.0, 15.0,
nd 20.0 mmol  L−1) as a consequence of the reaction taking place
atalyzed by the enzyme. The optical response (absorbance) was
roportional to the analyte (glucose) concentration, indicating that
he system has clearly behaved as a biosensor.
Additional tests were performed in order to evaluate the effect
f the different surface modiﬁers (hydroxyl, amine, and thiol) on
he activity of the enzymatic biosensor and also the dependence
n the glucose concentration (5.0 and 15.0 mmol  L−1). The results
re summarized in Fig. 9B, that also displays the results from GOx
dsorbed (“temporarily immobilized”) on un-treated glass slides
“as-supplied”) and “free” GOx in solution for comparison with
he covalently immobilized systems. The chemical functionaliza-
ion process of the glass surfaces showed a striking effect on the
esponse of the biosensor. It is worth mentioning that the system
ith GOx immobilized on the amine-modiﬁed support (R NH2)
rovided the highest enzymatic activity to both glucose concen-
rations tested, followed by the biosensor with the GOx covalently
onded to thiol-glass slide (R SH). The use of amine-modiﬁed solid
hase showed a signiﬁcant increase in the absorbance of 500%, as
ompared to the hydroxylated-supports or adsorbed systems. From
he data showed in Fig. 9B, efﬁciency coefﬁcients were also calcu-
ated and the results are presented in the inset. As a general trend,
t is advantageous to obtain the fastest conversion rate possible
or biosensors. Thus, from this point-of-view, the results indicated
hat the amino-modiﬁed solid support would be the best choice
or the construction of an immobilized enzyme structure involv-
ng GOx. In the present study, the amount of enzymes could be
onsidered the predominant effect on the enzyme activity mea-
ured for the different systems. That would be the result of the
ucleophilic behavior of each chemical group (OH, SH, NH2) reac-
ing with glutaraldehyde used for later covalent immobilization of
nzymes. Consequently, the expected relative amount of enzymes
mmobilized on the functionalized surfaces would decrease in the
ollowing order: amine > thiol > hydroxyl [12–14]. The activity of
mmobilized enzymes is dependent on both the enzyme and the Science 275 (2013) 347– 360 355
substrate, but also on the conditions of the assay such as tem-
perature and pH. So, the measured values may  be attributed to
the combination of several effects occurring simultaneously: (a)
amount of enzymes; (b) conformational changes of enzymes; (c)
interaction among enzymes; (d) microenvironment; and (e) chem-
ical and physical surface properties [50,51].
Furthermore, the sensing response (absorbance) of the monoen-
zymatic systems was clearly proportional to the concentration of
the glucose when it was  tripled (i.e. from 5.0 to 15.0 mmol  L−1).
Calibration curves for glucose detection were obtained based on
the saturation curves (absorbance at  = 650 nm × time) for all glu-
cose concentrations (1.0, 2.5, 5.0, 10.0, 15.0, and 20.0 mmol L−1)
and different immobilized systems (Fig. 9C). In order to per-
form a kinetic analysis [52] the absorbance measurements at
3 min  were chosen to evaluate the glucose biosensors (linear
range of absorbance versus time curve). For GOx immobilized
on an amine-modiﬁed support (Fig. 9C(a)), the linear response
range of calibration curves was 1–15 mmol  L−1 (R2 = 0.96), whereas
for the thiol-modiﬁed support (Fig. 9C(b)) it was 1–20 mmol L−1
(R2 = 0.98), and for hydroxyl-modiﬁed support (Fig. 9C(c)) it was
1–15 mmol  L−1 (R2 = 0.93). The linear regression equations are as
follows (Eqs. (5)–(7)).
Amine-modiﬁed support : Abs = 3.7 × 10−3 × [glucose]
+ 0.015 (5)
Thiol-modiﬁed support : Abs = 2.6 × 10−3 × [glucose]
+ 0.0041 (6)
Hydroxyl-modiﬁed support : Abs = 4.2 × 10−4 × [glucose]
+ 0.003 (7)
Based on the efﬁciency coefﬁcient, to acquire several replicates
simultaneously, which would most likely lead to more statistically
representative results measured in few seconds, aminated modi-
ﬁed polystyrene microplates (PS-NH2) were utilized instead of glass
slides with amine functionalization. Moreover, such system could
be more easily transferred to the industrial scale through an auto-
mated process. Kinetics studies were conducted by plotting the
reaction rate versus glucose concentration (Fig. 10). In all cases,
the initial rise in the reaction velocity was  almost linear, but as
the concentration increased, the enzyme saturation could be noted
by an asymptotic ﬂattening off in the curve, indicating the typical
hyperbolic Michaelis–Menten behavior. The plotted data (glucose
conversion rate × glucose substrate concentration) were ﬁtted to
the Michaelis–Menten equation, indicating to follow that model.
The curves and kinetics parameters, Km (Michaelis constant for
“free” enzymes) or K ′m (apparent Michaelis constant for immobi-
lized enzyme) and Vmax, are showed in Fig. 10.
The result for Km, measured for “free” GOx, 18 ± 4 mmol L−1,
is coherent with the value 19 ± 2.2 mmol  L−1 reported by Ukeda
et al. [52], that evaluated the GOx enzyme activity in a medium
(PBS, pH = 7.2) similar to our experiments. Nevertheless, different
values may  also be found in literature for GOx systems [53,54]
as Km is dependent on both the enzyme and the substrate as
well as conditions such as temperature and pH. The K ′m values
for enzymatic systems permanently immobilized on solid-phases
may  be attributed to the combination of several effects occurring
simultaneously. In that sense, it could be similar [55,56], higher
[54,57–61], or lower [50,51,62] than the values measured from
“free” enzymes. The K ′m values obtained for GOx immobilized on
PS-NH2 microplates and amine-modiﬁed glass slides were equiv-
alent, K ′m = 7 ± 1 mmol  L−1. This fact was  expected once the main
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urpose of surface functionalization is attributing some proper-
ies or behavior to the system, masking the material underneath
practically independent of the solid support). As the K ′m value is a
onstant characteristic of an enzyme/system (with the same sub-
trate, pH and temperature), the result represents the system based
n GOx immobilized on amine functionalized surfaces using GA
nder the processing parameters used in this study. Moreover, thentration. (B) Relative absorbance for 5.0 mmol L−1 and 15.0 mmol L−1 (9 min) for
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K ′m value was almost three-fold lower than the Km for “free” GOx.
The relative lower value of K ′m may  be attributed to a higher afﬁnity
and enhanced the activity of immobilized GOx on amine-modiﬁed
solid supports, indicating that conformational changes of enzymes,
interaction among enzymes, microenvironment and/or chemical
and physical surface properties could have facilitated the access of
glucose to the GOx active sites [50,51]. Besides, it has also been
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eported that surface properties of support may  have considerable
nﬂuence on the distribution of the substrate [51] with hydrophilic
haracter affecting the diffusion process of the substrate from the
bulk solution” to the support [63].
.4. Activity of bienzymatic structure
With some relative control of the order and orientation, LBL
ssembly method can be useful for fabricating novel biocatalytic
tructures on chemically modiﬁed surfaces. In this study, GOx
nd HRP enzymes underwent the biotinylation process aiming at
uilding bienzymatic structures using the “biotin–avidin” afﬁnity Science 275 (2013) 347– 360 357
interactions. Both enzymes conjugates, GOx-biot and HRP-biot,
remained active after the biotinylation procedure, but with some
reduction of its activity (typically less than 30%). Such reduction
of activity was expected as the reaction of attaching biotin to the
enzyme may  have caused some hindering of the catalytic site and
even inactivation as reported by several authors [64].
For viable device applications, it is often more useful and suit-
able to integrate the enzymatic reactions onto a solid surface
because relative positional control can be signiﬁcantly facilitated. In
particular, it is very important to control the placement of the fabri-
cated structures on a surface for potentially developing biosensing
devices. Fig. 11 illustrates the sequential biocatalytic reactions
involved in the detection of biochemical activity by adding the
glucose into the system. Also, it presents the ordered position of
each enzyme relative to the solid support forming a preferential
pathway for the reactions to occur, as the product of the ﬁrst reac-
tion (GOx/H2O2) is the reagent of the next reaction (H2O2/HRP).
The reactions taking place can be summarized as follows: (a) Glu-
cose (substrate to GOx) is added in the bulk solution and diffuses
to reaching the GOx active site; (b) in the presence of O2 dis-
solved in the aqueous medium, glucose is converted into gluconic
acid and H2O2; (c) Hydrogen peroxide formed in the ﬁrst reac-
tion (substrate for HRP) diffuses across the solution (nano-order
dimensional environment) reaching the HRP catalytic site; (d) in
the presence of the chromogenic substrate, produces oxygen radi-
cals that oxidize TMB  to TMBox yielding a blue color detected at
the wavelength  = 650 nm.  Hence, in this study, the 3D-structured
bienzyme assemblies were built onto the surface of the amine
functionalized polystyrene microplates. The response of the bien-
zymatic structure was evaluated using glucose concentrations of
1.0 and 15.0 mmol  L−1 and the results after 50 min  of the sub-
strate introduction in the media are showed in Fig. 12. It was
clearly noted that the optical response of the bienzymatic struc-
tures were signiﬁcantly inﬂuenced by the concentration of glucose.
The absorbance of the system with the glucose concentration of
15.0 mmol  L−1 increased about 500% compared to the concentra-
tion of 1.0 mmol  L−1, indicating that it has behaved as a biosensing
system. Besides, these results have validated that the designed cas-
cades of sequential biocatalytic reactions have occurred based on
the novel constructed 3D-architecture.
As a proof of concept, the bienzyme system built was assayed
using commercial samples of regular and “sugar-free” soft drinks.
The relevance of the choice made in this study was  based on
the increasing demand for food and beverage by the population
creating a very broad and highly proﬁtable market with global
presence. There are innumerous types of non-alcoholic beverages
(soft drinks) that are formulated with different recipes. Typically,
the ingredients include water, sugars, sweeteners, preservatives,
antioxidants, colorants, ﬂavors, and pH adjusters. Regular soft
drinks are sweetened with cane or beet sugar, high fructose corn
syrups, or blends of these sweeteners. Therefore, from the nutrition
perspective, it is very important to be able to choose the quality and
also the presence (or not!) of some ingredients in the beverages
before consuming them. That is especially important to diabetic
patients who  must maintain severe control of their food prior to
the ingestion [65–67].
So, the glucose biosensor constructed in the present research
was assayed using a widely available soft drink (SpriteTM, Coca Cola
Company) that was selected as the “real” sample. The results are
presented in Fig. 13. It was clearly observed the development of
the blue color in the cavities (triplicates) with the sugar-sweetened
soft drink (Fig. 13, left) compared to the unchanged color (optically
transparent) of the cavities with sugar-free samples (Fig. 13, right).
The blue color detected by the biosensor (Fig. 13, left) was due to
the presence of sugar in the regular soft drinks. On the other hand,
the “negative-color” response from the system (Fig. 13, right) with
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Fig. 11. Schematic representation of the cascade reactions for analyzing the biochemical activity of the cascade structures (HRP, GOx, and Avidin three-dimensional views
obtained from RCSB—Protein Data Bank).
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[Fig. 13. Proof of concept of 3D bienzymatic assayed using real sam
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Undeniably, these ﬁndings are very signiﬁcant as far as the
ood/beverage nanotechnology research is concerned because the
ano-scale system developed in this study was assayed using
ommercial samples with the presence of all interferents in the
edium without compromising the bioactivity response. Besides,
he 3D-biocatalytic architecture concept presented may  potentially
e extended to other ﬁelds of applications, like detecting aller-
enic ingredients, food contaminants, bio-hazardous species, and
griculture pesticides, among several others. Finally, it should be
ighlighted that the quantitative analysis (detection limit, sensitiv-
ty, etc.) was not the goal of this research and it could be the subject
f future investigations using a similar “bottom-up” approach for
uilding biosensor 3D nanohybrid structures.
. Conclusion
In this study, a new bienzymatic nanostructured biosensor was
eveloped. The system was designed using the LBL method with
he covalent immobilization of the ﬁrst enzyme on chemically func-
ionalized solid supports followed by the conjugation of the second
nzyme based on the “avidin–biotin” interaction. The bienzyme
ystems built on PS-NH2 microplates were assayed using com-
ercially available soft drinks, one sugar-sweetened and the other
sugar-free”. They have behaved as glucose sensors with built-in
D-architectures. Thus, it can be foreseen that these new promising
anomaterials may  be explored in relative facile analytical methods
or food and beverages analyses by diabetes patients, health-care
rofessionals, food industries and others. That can be very valu-
ble on preventing accidents caused by ingestion of incompatible
ood or beverages, detection of allergenic species, screening-tests
or toxic components and contamination, and many others.
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